transformed and primary cell lines reveals previously uncharacterized and cell type-specific Pol III loci as well as one microRNA. Notably, only a fraction of the in silico-predicted Pol III loci are occupied. Many occupied Pol III genes reside within an annotated Pol II promoter. Outside of Pol II promoters, occupied Pol III genes overlap with enhancer-like chromatin and enhancer-binding proteins such as ETS1 and STAT1. Moreover, Pol III occupancy scales with the levels of nearby Pol II, active chromatin and CpG content. These results suggest that active chromatin gates Pol III accessibility to the genome. r e s o u r c e
RNA synthesis in mammals is conducted by three RNA polymerases, termed Pol I, Pol II and Pol III, with an additional two polymerases (IV and V) present in plants. Pol III transcribes small noncoding RNAs important for translational capacity 1 , such as the 5S ribo somal RNA, RNase P, RNase MRP and all tRNAs. In addition, there is a growing list of noncoding RNAs with alternative functions that Pol III is known to transcribe 2 , which connects this polymerase to the biology of splicing (U6), viral RNAs (VAI and VAII), microRNAs (miRNAs), DNA repeat-derived RNAs (short interspersed nuclear elements, including mammalianwide interspersed repeat (MIR) and Alu elements), neuronal disease and messenger RNA translation (BC200), Pol II transcriptional regulation (7SK, BC2), spermato genesis (BC1) and multidrug resistance (Vault). However, the full repertoire of Pol III genes in the human genome is not known and must be determined in multiple cell types to understand the full scope of Pol III biology. Also of high interest is Pol III regulation-whether the Pol III transcriptome is constitutive or instead highly regulated, and if it is regulated, by what mechanism. For example, there are 513 predicted tDNAs (genes encoding tRNAs) in the contiguous genome (hg18 human genome assembly), not including tRNA pseudogenes (172 total), but their fractional usage in different cell types is entirely unknown. Also, high levels of Pol III transcription and tRNA pools are correlated with the growth of cancer cells 3, 4 . A better understand ing of Pol III dynamics and regulation is needed for understanding normal Pol III biology and its misregulation in cancer and disease.
Extensive work on Pol III genes in yeasts, invertebrates and verte brates has revealed the factors required for directing Pol III to target genes [5] [6] [7] and has defined the three types of Pol III genes in humans ( Fig. 1a) , on the basis of (i) the presence and positions of cis regulatory elements and (ii) the requirement for particular basal or accessory transcription factors. Briefly, 5S rRNA is the sole type 1 gene, uniquely requiring TFIIIA. Type 1 and type 2 genes both require TFIIIC, a basal factor and targeting complex that recognizes geneinternal Abox and Bbox elements at type 2 genes but not type 1 genes. The TFIIIB complex includes the TATAbinding protein, needed for promoter recognition and Pol III initiation. Type 2 and type 3 genes use alter native assemblies of TFIIIB:BRF1 for type 2 and BRF2 for type 3 genes. Type 3 genes lack an internal A or B box and lack reliance on TFIIIC, relying instead on upstream proximal and distal sequence elements (PSEs and DSEs) and specific factors (OCT1, SNAP and others) for targeting. Notably, type 3 Pol III promoters resemble Pol II genes in their architecture, which have upstream regulatory elements rather than geneinternal elements.
Here we have applied genomics approaches toward the following goals: (i) to define human Pol III transcriptomes by occupancy of the Pol III machinery, (ii) to discover new or alternative Pol III loci, (iii) to classify all Pol III genes by the specialized Pol III machinery present and (iv) to provide new insights regarding the placement and regulation of Pol III genes in chromosomes and chromatin.
RESULTS

Localization of Pol III in HeLa reveals gene classes
To define Pol III transcriptomes, we applied chromatin immuno precipitation (ChIP) of Pol III machinery to determine occupied loci, r e s o u r c e as RNA sequencing cannot determine all active tDNA loci owing to the small fraction (21%) of uniquely mappable tDNAs (see Online Methods). Thus, Pol III occupancy of the unique flanking region (determined by ChIP coupled with massively parallel sequencing (ChIPseq) or ChIP followed by complementary DNA microarray hybridization (ChIParray)) was a proxy measurement of gene acti vity. We chose HeLa cells for our initial Pol III transcriptome, and we localized RNA Pol III itself (RPC32 subunit) by standard ChIParray approaches, probing the unique portion of the human genome at ~150-base pair (bp) resolution (Agilent Technologies). A threshold of 8.5fold enrichment yielded 271 sites bound by Pol III and included the vast majority of formerly verified unique Pol III genes, a few can didate unique loci and approximately half of the predicted tDNAs (Supplementary Data 1). With a false discovery rate (FDR) cutoff of 1%, ChIPseq revealed 257 loci bound by Pol III in HeLa cells, which overlap 255 annotated Pol III genes and 25 unannotated loci ( Table 1 ; full data sets in Supplementary Data 1). Bound loci occa sionally encompass closely linked tDNAs (within 600 bp); for Pol III, 20 bound loci each contain two to four tDNAs. Loci occupied in the ChIParray experiment largely overlapped with those identified by ChIPseq (P < 10 −7 ; Fig. 1b) . A small number of Pol III genes reside in nonunique regions (5S, small NF90associated RNA (snaR) genes and certain tDNAs; Supplementary Data 1) but are not included in the analyses below. In summary, the two genomics formats yielded similar Pol III-occupied loci in HeLa cells.
To classify Pol III genes ( Fig. 1a) , we localized BRF1 (types 1 and 2), BRF2 (type 3) and TFIIIC (TFIIIC63 subunit, types 1 and 2, but not type 3) by ChIPseq in HeLa cells. With an FDR cutoff of 1%, we obtained 242, 16 and 549 occupied loci for BRF1, BRF2 and TFIIIC, respectively. Venn diagrams ( Fig. 1c) , examples ( Fig. 1d-f ) and classaverage maps ( Fig. 1g-i (d-f) Genomic visualization of one random example of each of the three types of Pol III genes. The y axis depicts q value FDR (QValFDR) significance values, which correspond to P values (50 corresponds to P = 10 −5 ; 100 corresponds to P = 10 −10 ). Values are depicted for Pol III (red), BRF1 (blue), BRF2 (yellow) and TFIIIC63 (green). The physical map (hg18) is plotted on the x axis. (g-i) Class-average maps of Pol III (red), BRF1 (blue), BRF2 (yellow) and TFIIIC63 (turquoise) at type 1 (g), type 2 (h) and type 3 genes (i). The number of read counts at each nucleotide, normalized to the number of genes in the class, is plotted on the y axis. The distance from the TSS of the Pol III gene is plotted on the x axis. Chr, chromosome.
r e s o u r c e we show this exclusion genomewide and reveal all separate type 2 and type 3 genes in HeLa cells. Second, the majority of TFIIICbound loci lack Pol III ( Fig. 1c) , an observation that may be noteworthy given the known roles of TFIIIConly sites in genome organization in lower eukaryotes [8] [9] [10] [11] , addressed further below. A compilation of gene types and occupancy, including repetitive elements, is provided in Table 1 and Supplementary Data 1. Notably, we verified the single occupied selenocysteine tDNA as the only type 3 tRNA gene in the genome, with clear BRF2 occupancy (Supplementary Data 1) .
Cell-type variation in Pol III loci
To explore the dynamic and cell type-specific Pol III transcriptome, we next performed ChIPseq of Pol III in three other cell types: human embryonic kidney HEK 293T cells (bearing adenovirus and T anti gen), human foreskin fibroblasts (HFF; immortalized with human tel omerase reverse transcriptase (TERT) but untransformed) and Jurkat T cells. For comparison, we intersected the top 400 enriched loci from each cell type ( Fig. 2a) , which overlapped 336, 266, 200 or 168 pre dicted Pol III genes in HEK 293T, HeLa, Jurkat and HFF cells, respec tively. Notably, 120 genes are clearly occupied in all four cell types. In addition, HEK 293T cells have a large number (75; see Fig. 2a ) of unique loci (primarily tDNAs). Region p22.1 of chromosome 6, which harbors the majority of genomic tDNAs, exemplifies celltype variation ( Fig. 2b,c) . Of 24 genes showing variance, nine HEK 293T genes and one HeLa gene (Supplementary Data 1) met a stringent threshold for differential occupancy (>38fold enriched over back ground in HEK 293T or >14fold in HeLa; enrichment was <3fold in other cell types) in a quantitative PCR (qPCR) format. Thus, although the Pol III transcriptomes from these cell types show considerable overlap, cell type-specific Pol III-bound loci do exist. In addition, we observed that three transformed cell lines share a set of 51 genes not occupied in HFF ( Fig. 2a) .
Occupied tDNAs often reside in Pol II promoters
A particularly noteworthy observation was that only a portion of the in silico-predicted tDNAs (ranging from ~30% to ~60%) were occu pied by Pol III in the different cell lines (52% in HeLa, Fig. 3a ). This observation does not derive from data thresholding; rather, percentile rank analysis suggests two types of tDNAs, occupied or unoccupied, with variation in the occupied class (HeLa, Fig. 3b ). This differential occupancy is not a mapping artifact, as most tDNAs lacking Pol III enrichment can be mapped at >85% efficiency ( Supplementary  Fig. 1 ). These occupancy differences (occupied compared with unoccupied) are also not explained by predicted TFIIIC affinity, as r e s o u r c e MEME 12 analysis revealed nearly identical A and Bbox elements at occupied and unoccupied tDNAs in HeLa cells ( Fig. 3c) .
Notably, in HeLa cells, 53 occupied Pol III genes (19%) reside just upstream (within 2 kilobases (kb)) of an annotated Pol II gene, a signifi cant enrichment in location (P < 10 −7 ). In contrast, only three predicted tDNAs within 2 kb of a Pol II gene were unoccupied by Pol III, and two of those three tDNAs flank Pol II genes that are inactive in HeLa cells. Moreover, histogram plots of all occupied tDNAs residing near Pol II genes reveal a pair of peaks at −300 and −900 ( Fig. 3d) , reflecting the relatively common presence of two tandem tDNAs (~600 bp apart) just upstream of a Pol II gene. In contrast, tDNAs lacking Pol III do not cluster near Pol II genes ( Fig. 3d) . Finally, adjacent Pol II and Pol III genes are often (71%) divergent (see Discussion).
Occupied tDNAs coincide with regions of active chromatin
Intersection analyses revealed Pol III coincident with Pol II protein, monomethylated and trimethylated histone H3 Lys4 (H3K4me1 and H3K4me3), H2A.Z, CTCF and H3.3, at levels that were significant (P <10 −3 ) and that exceeded our enrichment cutoff of tenfold above random (Supplementary Data 2 and ChIPseq data sets from other studies [13] [14] [15] [16] ). Notably, the extent of Pol III occupancy scaled with the levels of regional Pol II and active chromatin ( Fig. 4a-h) . To reveal this, we separated Pol III-occupied loci into four classes: the top 50, middle 50 and bottom 50 occupied loci (remaining above the FDR cutoff of 1%), and Pol III-unoccupied tDNAs. We compared occupancy of these four classes of loci to levels of Pol II, chromatin modifications and chromatin factors (classaverage map, centered on the Pol III gene transcription start site (TSS)). The levels of Pol II, positive histone modifications and H2A.Z all scaled with Pol III occupancy. Also, CCCTCbinding factor (CTCF) was observed at a small subset (10%) of the tDNAs with the highest Pol III occupancy. In contrast, repressive H3K27me3 was more prevalent at predicted tDNAs lacking occupancy (below our cutoff ) and was not correlated with Pol III (Fig. 4f) .
The correlations described above would be expected if all tDNAs simply resided within active annotated Pol II promoters. However, Fig. 2 and Supplementary Data 2) . In contrast, unoccupied tDNAs lack adjacent Pol II or active chromatin ( Fig. 4d-h) , and instead bear higher levels of H3K27me3 (Fig. 4f ). An example of this partitioning is shown in Figure 4i , where the two Pol III-occupied genes encod ing tRNA Tyr GTA genes also bear Pol II and active chromatin, whereas the single Pol III-unoccupied gene encoding tRNA Tyr GTA lacks these factors or attributes. Thus, active tDNAs outside of annotated Pol II promoters are found in a chromatin region that resembles an active Pol II gene promoter or enhancer. We note that type 3 genes (BRF2 containing) show active chromatin profiles similar to those of type 2 genes.
We found that a considerable fraction (~30%) of Pol III-occupied loci reside within CpG islands-a highly significant overlap (P < 10 −6 )-and that a striking correlation exists between Pol III occupancy and CpG content at Pol II promoters. Others have sepa rated promoters into three types on the basis of their CpG density 17 : highCpG promoters (HCPs), intermediateCpG promoters (ICPs) and lowCpG promoters (LCPs). Notably, Pol III-occupied promot ers intersect well with HCPs (typically associated with constitutively active genes) and moderately with ICPs, and are anticorrelated with LCPs (Supplementary Data 2) . Together with the results above, this indicates that Pol III occupancy is enabled by active Pol II promoterlike chromatin.
Jurkat and HeLa cells show similar Pol III chromatin
Genomewide chromatin maps in HeLa and primary CD4 + T cells are extensive, whereas those in Jurkat, HFF and HEK 293T cells are lacking. Jurkat T cells are similar to CD4 + T cells (Jurkat is also a CD4 + T cell 18 ), though proliferative and (in our hands) technically more amenable to Pol III occupancy analysis. ChIPseq of Pol III in Jurkat cells yielded 211 occupied loci (FDR < 10%), which overlap 182 annotated genes. This list had high overlap (88%) with the list from HeLa cells and showed similar trends; Pol III-occupied loci were correlated with (and scaled with) Pol II and active Pol II pro moterlike chromatin ( Fig. 5a, Supplementary Figs. 3 and 4 , and chromatin ChIPseq data sets from other studies [19] [20] [21] [22] , and anti correlated with additional repressing modifications (for example, H3K36me3; Supplementary Data 2). However, with resting CD4 + T cells, the correlations of Pol III with adjacent Pol II were weaker, and correlations of Pol III with adjacent H2A.Z were stronger, possibly reflecting the 'poised' nature of many genes in resting CD4 + cells. Consistent with this notion, Pol II levels rise and H2A.Z levels fall -2,000 -1,000 0 2,000 1,000 -2,000 -1,000 0 2,000 1,000 -2,000 -1,000 0 2,000 1,000 -2,000 -1,000 0 2,000 1,000 -2,000 -1,000 0 2,000 1,000 -2,000 -1,000 0 2,000 1,000 -2,000 -1,000 0 2,000 1,000 -2,000 -1,000 0 2,000 1,000 
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Occupied Pol III loci correlate with STAT1 and ETS1
Our results prompt two questions regarding the establishment of Pol III-correlated chromatin: (i) whether there are specific DNA binding factors or activators that colocalize with Pol III-occupied regions, and (ii) whether the unannotated loci bearing Pol III and Pol II might represent enhancers or enhancerlike regions. We com pared our data sets to the extensive transcription factor binding pro files in T cells (Jurkat and CD4 + )-except for STAT1, for which binding profiles 13, 24 in HeLa were directly compared. Certain transcription fac tors have been linked to Pol III regulation (p53, cMYC and RB) 25 Fig. 5b) . Moreover, using the list of STAT1occupied sites generated in ref. 24 (FDR < 0.1%), we derived an overlap of 254 of 278 loci. Notably, STAT1 binding sites reside very near the Pol III gene TSS, for Pol III genes both within and outside of annotated Pol II gene promoters ( Fig. 5c and Supplementary Fig. 4f ). ETS1 has different properties at promoters compared with enhancers 22 . For example, sites within Pol II promoters are typically consensus sites, and a feature of promoterlocalized ETS1 is that it lacks precise co alignment with CREBbinding protein (CBP) occupancy. In contrast, ETS1 sites at enhancers show considerable variation from consensus, and they often physically partner with other transcription factors (for example, RUNX1). Also, ETS1 at enhancers is aligned more pre cisely with CBP occupancy 22 . In keeping with these different properties at promoters and enhancers, we found that Pol III-occupied anno tated promoters bearing ETS1 are typically consensus sites (data not shown) and lack precise alignment with CBP ( Fig. 5d) . In contrast, the tDNAs not adjacent to annotated Pol II genes coincide with enhancer like ETS1 sites (data not shown) that are well aligned with CBP ( Fig. 5e) . This raises the possibility that particular enhancerbinding proteins such as STAT1 and ETS1 help nucleate open chromatin at promoters or enhancers, which then promotes Pol III occupancy (see Discussion). We also saw marked overlap with the transcription factor SRF (FDR < 1%, 52 of 182 loci) and moderate overlap with GABP (FDR < 1%, 29 of 182 loci). However, we observed little overlap with NRSF (FDR < 1%, 10 of 182 loci) in Jurkat cells ( Supplementary  Fig. 4g-i and data from other studies 21 ). Enhancers strongly correlate with three chromatin attributes 27 -H3K4me1, acetylation of H3K27 (H3K27ac) and DNase I hyper sensitivity-for which maps are available in CD4 + T cells or HeLa cells. We saw highly significant overlap between Pol III occupancy at unannotated regions and the presence of H3K4me1 (P < 10 −5 ) and H3K27ac (P < 10 −5 ) ( Supplementary Data 2 and Supplementary  Fig. 3b,i,r) . Furthermore, of the 150 occupied tDNAs in Jurkat cells, 145 overlap DNase I-hypersensitive sites (P < 10 −5 ), whereas only 96 of the 321 unoccupied tDNAs do. Notably, 59 of those hypersensitive sites become enriched with Pol III in HeLa cells.
Occupied tDNAs correlate with enhancerlike chromatin, which typically does not produce RNA. However, the presence of Pol II at these loci prompted us to address whether transcription by Pol II occurs from these enhancerlike loci. We performed RNA sequencing r e s o u r c e (RNAseq) of total RNA in HeLa and quantified reads in the region flanking the tDNAs. This region contains the peak of Pol II (Supplementary Fig. 2d ) but not the tDNA itself (or Pol III), so that reads from only Pol II were compiled. At these tDNAs in enhancer like chromatin, we did not generally observe RNA transcripts in the aforementioned region (Fig. 5f) . This suggests that 'active' chro matin modifications, including those involved in Pol II initiation (for example, H3K4me3), but not Pol II transcripts per se, best correlate with Pol III occupancy.
Previously uncharacterized Pol III genes and miRNAs
ChIPseq data yielded 42 candidates for previously uncharacterized Pol III loci in HeLa cells. From these, we tested 13 by qPCR; ten were enriched at least 3.5fold above background for Pol III occupancy. One noteworthy unannotated locus is about 2 kb upstream of the SLC7A2 TSS, which shows nearby STAT1, H3K4me3, Pol II and a transcript by RNAseq (Supplementary Fig. 5a-c) . Another candidate locus resides on chromosome 5 among multiple repeats. Here, BRF2 and Pol III colocalized over an L1M5 long interspersed nuclear element (LINE), with STAT1, Pol II and H3K4me3 nearby (Supplementary Fig. 5d-f) . This could represent a previously uncharacterized type 3 gene; there are only 14 type 3 genes currently known. We also identified one MIR highly enriched with Pol III, BRF1 and TFIIIC in the first intron of POLR3E (Supplementary Fig. 5g,h) . These positives, in addition, include other loci in promoters of Pol II-transcribed genes, such as ADARB1, FZR1 and the U1 small nuclear RNA gene, or near other retroviral elements (for example, MER41C LTR) ( Supplementary  Fig. 6a,b) . Furthermore, we found six annotated tRNA pseudogenes enriched at high levels in various cell types, and we verified two by qPCR ( Supplementary Fig. 6c and Supplementary Data 1) . Finally, we also found 17 Pol III genes within Pol II transcriptional units (mostly in introns; data not shown).
For repetitive regions, we applied mapping algorithms that allow multiple alignments (Bowtie; http://bowtiebio.sourceforge.net), which revealed Pol III enrichment (and often enrichment of other Pol III factors; see Supplementary Data 1) at snaRclass genes, at all of the consensus 5S rDNA genes on chromosome 1 (but no other 5Srelated genes), at multiple Alu elements and at 35 tDNAs that map inefficiently. However, the human papillomavirus 18 and 45S rDNA loci were not occupied.
Pol III has been reported to transcribe multiple miRNAs on the chromosome 19 miRNA cluster (C19MC) 28 , driven by Alu promo ters in HEK 293T cells, which would represent the first example, to our knowledge, of Pol III-driven miRNAs. However, after remapping our reads for HeLa, HEK 293T and HFF, allowing multiple align ments, we saw no enrichment of Pol III at any region (or miRNA) in this highly repetitive cluster (data not shown), a negative result sup ported by recent evidence showing transcription of C19MC by Pol II instead 29 . Another study 30 Fig. 7) ; we also observed transcripts lacking a 5′ cap derived from the MIR886 locus by RNAseq (see Online Methods and Supplementary Fig. 7d) . To our knowledge, this is the first direct evidence for occupancy and transcription by the Pol III machinery of a miRNA in mammals.
TFIIIC-only and TFIIIB-TFIIIC sites
Given the role in yeast chromatin organization of loci bound by TFIIIC but not Pol III, BRF1 or BRF2 (refs. [8] [9] [10] [11] , we identified 307 such loci in HeLa cells. TFIIIConly sites partition into two classes: loci adjacent to Alu or MIR repeats, or both (181), and those that lack repeats (126). Certain loci were adjacent to both an MIR and an Alu element, which accounts for the higher number of total TFIIIConly loci (377) depicted in Figure 1c . Notably, 101 TFIIIConly loci reside within 2 kb of the TSS of an annotated Pol II gene, 60% of which have HCP Pol II pro moters, a highly significant enrichment (P < 10 −5 ), whereas 206 reside in unannotated regions (Supplementary Fig. 8a) . Those within anno tated Pol II genes show correlations with active promoter chromatin (Supplementary Fig. 8b-i and Supplementary Data 2) . Those in unan notated regions also show strong correlations with active chromatin, though weaker than with annotated Pol II genes (Supplementary Data 2) . Notably, TFIIIConly sites near Alu and MIR elements typically have a Bbox (164 of 181) and bear high levels of H3K4me1, H3K4me3 and Pol II, whereas those distal from repeats are generally void of positive marks and typically lack a consensus Bbox element (27 of 126 have a Bbox) ( Supplementary Fig. 8b-i) , raising the possibility that TFIIIC cooperates with other factors for binding at these loci. MEME 12 and TOMTOM 33 analysis revealed the consistent presence of a G/Arich site with signifi cant (P = 0.00028) similarity to the binding site of Kruppellike factor 4 (KLF4; Supplementary Fig. 8j ). Nineteen sites in our HeLa data sets contain both TFIIIB (BRF1) and TFIIIC, but lack Pol III enrichment (at our threshold of FDR < 1%). However, the majority (14 of 19) of these sites become enriched with Pol III in HEK 293T cells, or in HeLa cells if compared with a lower threshold (FDR < 5%, Pol III ChIPseq) or our Pol III ChIParray data set (data not shown). At present, it is not clear whether these sites are truly different in their mode of Pol III recruitment or they simply represent sites near our occupancy cutoff thresholds.
DISCUSSION
Our data sets and analyses address the scope and regulation of human RNA Pol III transcriptomes, providing multiple insights (Fig. 6) . First, we observed the close proximity of Pol III genes to Pol II genes genome wide. This result is in keeping with previous work at the Pol IIItranscribed U6 small nuclear RNA gene (a type 3 gene), which has a proximal Pol II that assists in Pol III expression 34 . Second, we show genomewide a marked overlap of Pol III with active chromatin. Previous work at U6 supports the notion that nearby chromatin remodeling promotes U6 expression 35 , and our work extends this concept genomewide to all type 2 and type 3 genes, and also to many active histone modifications and compositions. Notably, ~81% of occupied Pol III genes reside at regions outside of annotated Pol II genes, yet those regions bear high levels of H3K4me3 and Pol II protein, properties typical of promoters. Notably, these unanno tated regions also have properties of enhancers 27 , as they contain H3K4me1 and H3K27ac, and overlap with enhancerbinding proteins and DNase I-hypersensitive sites. In addition, we found few, if any, transcripts adjacent to most of these unannotated Pol II peaks, and those we found generally lack a long downstream open reading frame. Thus, it is not entirely clear whether one should consider these regions new unannotated promoters or instead a subclass of enhancers that contain Pol II and H3K4me3, resembling Pol II 'poised' promoters. We speculate that the promoterlike chromatin formed near either 'poised' or active Pol II might be sufficient for enabling Pol III occupancy. In addition, it will be of interest to determine whether these unannotated promoters or enhancers produce a functional transcript in particular cell types, or whether they are typical enhancers, activating another Pol II gene in the larger region. Regardless, the overlap of Pol III-occupied tDNAs with active chromatin is striking. Notably, Pol III occupancy scaled with active chromatin marks and proximal Pol II, but not with RNA transcript levels for the Pol II gene, emphasizing the r e s o u r c e connection of Pol III occupancy with active chromatin. Finally, DNA hypomethylation may also contribute to the active chromatin state, as occupied Pol III genes correlated with regions having high CpG content (which are typically unmethylated) and as STAT1 consensus sites are strongly correlated with DNA hypomethylation 36 .
Occupied Pol III genes often reside 300-900 bp upstream of the Pol II TSS-close enough to overlap with promoterproximal chro matin, but generally not within the promoterproximal region where the Pol II basal machinery assembles. Furthermore, tDNAs residing in Pol II promoters are typically transcribed away from the Pol II gene (divergent orientation), with a significant bias (P = 0.006). We suggest that these properties allow the Pol III gene to benefit from promoter chromatin dynamics while avoiding interference with the transcription of the Pol II gene itself. Previous Pol III transcriptomes in Saccharomyces cerevisiae 10, 37, 38 have shown that virtually all pre dicted Pol III genes (including tDNAs) are occupied by Pol III, pro viding evidence against appreciable Pol III regulation by chromatin or position relative to Pol II genes. Moreover, S. cerevisiae lacks key modifications of vertebrate heterochromatin (H3K9me3, H3K27me3 and DNA methylation), suggesting that Pol III in human cells may encounter chromatin obstacles not present in lower yeasts.
Our work also reveals moderate variation in Pol III occupancy among cell types, and cell type-'specific' occupancy of a small number of loci. Here specificity is defined using a stringent criterion, but very low occupancy of these 'specific' loci may exist in other cell types. A key issue is the basis for celltype variation and specificity. One possibility is that as each cell type varies its repertoire of Pol II gene transcrip tion and active enhancers, the Pol III genes that overlap the permis sive chromatin gain access to the Pol III machinery. According to this model, Pol III relies on both general Pol II transcription factors and cell type-specific factors to create open or active chromatin. Although active chromatin may gate Pol III access, it does not constitute all of Pol III regulation: the activity of occupied Pol III genes is probably still regulated by other factors such as the general Pol III repressor MAF1 (ref. 39 ). Furthermore, we emphasize that although these models are based on extensive sets of strong correlations, genetic experiments are required to determine their dependency relationships.
Notably, tDNAs are thought to have expanded in the genome via retrotransposition 40 , and retrotransposons often insert in regions of open chromatin. One interpretation of our data is that the juxtapo sition of active Pol III genes (~300) with active Pol II chromatin is largely a consequence of this initial accessibility during transposition, which would imply that these regions were accessible in the germline at some point during evolution. However, there are an additional ~1,396 tRNAderived elements in the genome, and these are generally not occupied by Pol III machinery (~0.1% occupied). Furthermore, as a class these elements are not coincident with active chromatin (data not shown), raising the possibility that transposition may have occurred in the germline and placed these elementsinto inactive chromatin, with inactive chromatin preventing their subsequent expression and contri bution to fitness, allowing sequence drift. Alternatively, it may be that the transposition placed them into active chromatin, but these regions were later converted into heterochromatin, with similar consequences. Regardless, we observed active chromatin coincident with active Pol III genes and not with tRNAderived elements.
In addition, our work reveals many new Pol III-occupied loci in multiple cell types, and these loci also require functional work in vivo. For the three new loci clearly enriched with Pol III machin ery ( Supplementary Fig. 5 ), we propose names that include a 'P3' (Pol III) designation: for the MIR in the POLR3E intron, MIRP3; for the chromosome 8 locus conserved in primates, CPP3; for the LINE L1M5 locus, L1M5P3. Furthermore, we reveal the transcription of a miRNA, clarifying and extending earlier work 30, 32 . It will be of inter est to identify the Pol III transcriptomes of pluripotent cell lines or early embryos to determine whether additional noncoding RNAs are produced by Pol III.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/. Accession codes. Gene Expression Omnibus: GSE20309 (all ChIPseq data) and GSE20609 (Pol III ChIParray data).
